Introduction
The objective of this research project is to understand and quantify the moisture removal performance of cooling coils at part-load conditions. The project will include a comprehensive literature review, detailed measurement of cooling coil performance in a laboratory facility, monitoring cooling systems at several field test sites, and development/validation of engineering models that can be used in energy calculations and building simulations. This document contains the detailed test plan for monitoring cooling coil performance in a laboratory setting.
As outlined in the contract's "Statement of Project Objectives", the Florida Solar Energy Center (FSEC) will take detailed measurements on up to 10 direct expansion (DX) and chilled water cooling coils in various configurations to understand the impact of coil geometry and operating conditions on transient moisture condensation and evaporation. One or two of the tested coils will be similar to those used in airconditioning equipment monitored during the field-testing portion of this project, allowing for verification of expected links between observed field performance and the detailed laboratory test results. The lab testing data will be used to determine various performance parameters, including off-cycle moisture evaporation rates and the moisture holding capacity of the cooling coil surfaces at various operating conditions. During lab testing, FSEC will also evaluate the effect of lower cost measurement techniques that can be utilized during the upcoming field-testing portion of the project, which is scheduled to begin in late-Spring 2002.
A contract modification is currently being processed to expand the project scope of work, including a modest expansion to the project's laboratory testing task. Lab testing will be expanded to include one additional test on the first laboratory test coil. Since the contract modification should be executed shortly, we will include the additional test in this test plan document.
Overall Testing Methodology
FSEC will utilize an existing laboratory facility to perform the necessary testing. The facility contains two psychrometric chambers that can be used to maintain various air conditions (dry-bulb temperature and humidity levels) while testing the performance of air-conditioning equipment. Both chambers will be utilized when testing the direct expansion coils (indoor coil in one chamber and the air-cooled condensing unit in the adjacent chamber), while only one chamber will be required for testing chilled water coils. A schematic of the psychrometric chambers and DX coil testing apparatus is shown in Figure 1 . Since November 2001, FSEC personnel have been working to refurbish the test facility, calibrate instrumentation, and establish a mechanism for collecting and storing the large volume of data that will be collected from each coil test. These activities are nearly completed, and we anticipate that the facility will be ready for testing by mid-April 2002.
Lab testing will focus on direct expansion cooling coils since they are used in virtually all residential cooling applications, and cover a very large portion of commercial building cooling applications as well. Chilled water cooling coils will also be tested, but these tend to be used in larger commercial/industrial cooling systems. We anticipate testing 6 to 8 DX cooling coils and 1 or 2 chilled water coils in the lab as part of this project. The lab is currently configured for testing DX cooling coils; therefore the 6 to 8 DX coils will be tested first followed by the chilled water coils. Some lab modifications will need to be made after DX coil testing before the chilled water coils can be evaluated.
As explained previously, the ultimate goal of this project is to develop and validate mathematical models that can be used in energy calculations and building simulations. A model for one particular case -a DX cooling coil that cycles on and off while the supply air fan runs continuously -was previously developed and verified based on a limited data set (Henderson and Rengarajan 1996; Henderson 1998) . We plan to collect additional data during this project to validate this existing model, as well as extend the modeling approach to different configurations and coil types.
The existing mathematical model requires two key input parameters that are not readily available from manufacturer's published data and will be obtained from coil testing during this project: 1) the moisture holding capacity of the cooling coil, and 2) the initial rate at which moisture is evaporated from the cooling coil when the compressor is turned off. The moisture removal performance of the cooling coils will be monitored during the lab tests using high-precision instruments with fast response times (i.e., calibrated tipping buckets and chilled mirror hygrometers with sampling pumps) to determine these key parameters.
Each coil will be subjected to a battery of tests as described later in this plan. Because of the significant effort required to switch test coils, the monitored data for each cooling coil will be evaluated once the battery of tests is completed to determine if the requisite data have been collected or if additional testing is required.
Testing Protocol and Test Matrix
We plan to perform a wide array of tests on the first test coil to determine which parameters affect dehumidification performance at part-load conditions. Once the specific parameters of interest and requisite tests have been identified, we expect that the test matrix for the remaining coils will be much smaller.
DX Equipment
As explained previously, 6 to 8 DX cooling coils will be tested as part of this project. The test coils will be installed along with an existing 3-ton variable speed, air-cooled condensing unit located in the laboratory facility. The variable capacity capability will allow numerous steady-state operating conditions to be achieved with the use of a single condensing unit.
During the literature review portion of this project, an analysis was completed of evaporator coil characteristics compiled from published specifications for more than 500 air-conditioning products from four major U.S. equipment manufacturers. This information will be used to guide the selection of coils for detailed laboratory testing. Figure 2 shows the breakdown of collected information in terms of number of evaporator coil rows. Clearly 3-row evaporator coils are the most common (60% of the coils surveyed), with 2-row and 4-row coils being less common (each representing approximately 20% of the coils surveyed). Given this information, we plan to test a similar cross section of DX coils in the laboratory (four or five 3-row coils, and one or two each of 2-row and 4-row coils). Three 3-row DX coils will be tested first, followed by a single 4-row coil and a single 2-row coil. After the testing of these five coils is completed, the test results will be reviewed before selecting the remaining DX coils to be tested. Besides the number of coil rows, fin spacing and coil face area (ft 2 per nominal ton of cooling) are key parameters that affect the moisture holding capacity of the coil, and this information (collected as part of the AC equipment survey) will be considered when selecting the specific evaporator coils to be tested. test a representative sample of evaporator coils based the survey of more than 500 airconditioning products completed as part of the literature review portion of this project, and -test one or two coils similar to those used in air-conditioning equipment monitored during the field-testing portion of this project
The first coil to be tested will be an existing 3-row evaporator contained in an air-handling unit. While manufactured in the late 1980s, the characteristics of this coil match quite well with currently-available evaporator coils as seen from the AC equipment survey performed for this project. A limited amount of data related to the dehumidification performance of this coil at part-load conditions has already been obtained from earlier tests performed at FSEC. This existing performance data will be used to help verify that the test chambers, instrumentation and this specific DX system are operating properly for the purposes of this project. Table 1 contains the list of parameters that will be monitored during each DX coil test. A total of 17 individual measurements will be made, including the dry-bulb and dew point temperatures of air entering and leaving the cooling coil, air volume flow rate across the coil and condensate removal rate. For the dry-bulb temperature of air entering and leaving the coil, a grid of type-T thermocouples will be installed perpendicular to the air stream and the average of the thermocouple readings will be stored by the datalogger as the air state point. In a similar fashion, the air dew point temperature will measured by pulling a representative air sample from multiple points in the air stream using a small-diameter copper tubing grid installed perpendicular to the direction of air flow (see Figure 1 for locations).
Because of the quick changes that occur when the cooling coil is activated or deactivated, we plan to collect all 17 data points once every 15 seconds. This large amount of data (more than 4000 data points per hour of testing) will be transferred to FSEC's mainframe computer "real time" (i.e., every scan will be transferred as soon as it is collected by the laboratory datalogger). Once on the mainframe computer, existing software screens, compresses and stores the data for later retrieval and analysis. The data are copied to other media on a daily basis for backup purposes. A series of tests will be performed on the first DX coil as shown in Table 2 . The tests will be performed in the order that they are listed. The collected data will be reviewed and analyzed along the way to determine if the proper data are being collected. Based on the analysis results, certain tests defined in Table 2 may be eliminated if earlier testing indicates that they are unnecessary, and additional tests may be added if it is determined they are needed for the model development/verification task. For the coil outlet pressure specified for each test, the compressor speed and expansion device (manual refrigerant isolation valve) will be adjusted to produce 4.4 -6.7C [8-12F] of coil superheat while assuring refrigerant subcooling at the expansion device (i.e., a full column of refrigerant liquid at the expansion device inlet).
For these first three tests, the test sequence will involve operating the supply air fan continuously with the compressor OFF for an extended period (30-60 minutes) to fully remove any coil moisture and bring the coil temperature to the inlet air dry-bulb temperature. Then the compressor will be turned on and operated until the sensible and latent output of the coil reaches steady-state conditions. Once steady state has been reached, the compressor will be turned off while the supply air fan remains on, and data will be collected until the supply air dry-bulb and dew point temperatures match the corresponding coil entering air temperatures.
The data collected from these first three tests will allow the determination of several key parameters required for the existing part-load dehumidification performance model (Henderson and Rengarajan 1996; Henderson 1998 ). In addition, the results will be analyzed to determine if the key model parameters change significantly with coil temperature. We anticipate that the coil temperature will have little impact on the key model input parameters.
Tests 4 -24
Tests 4 through 24 represent a matrix of tests that vary the coil inlet air conditions (temperature and humidity) and the air flow rate across the cooling coil. The expansion device and compressor speed settings established in Test 3 will be used for all of these tests.
Test 25
Variable-speed indoor fans or even multi-tap, single-speed fan motors can be (and sometimes currently are) setup to run the fan continuously during the off-cycle but at 50% or less of the nominal flow rate. This lower airflow should result in less evaporation of moisture from the cooling coil into the supply air stream than if the air flow rate remained at full flow.
Test 25 will be similar to Test 3, but the coil air flow rate will be reduced from 0.0537 m The test data will be analyzed to compare the off-cycle data collected during these two tests.
It is anticipated that off-cycle data collected during the two tests described above will be virtually identical. If not, UCF/FSEC will notify DOE of the findings and propose a different course of action to address this issue (e.g., expanded number of lab tests to be performed on each test coil).
Test 26
Test 26 has the same operating conditions as Test 3, but the test sequence is different. For Test 26, the compressor will be cycled on and off at a 50% duty cycle rate while the supply air fan runs continuously. As described previously, the data collected for Tests 3 -24 will allow key model input parameters to be determined for this particular cooling coil. With these input parameters, the existing part-load dehumidification performance model can be used to predict the coil performance at a 50% duty cycle, and the model prediction will be compared to the measured data from Test 26.
Test 27
Test 27 has the same operating conditions as Test 3, but the test sequence is different. In fact, Test 27 is just like Test 26, except the supply air fan is cycled on and off with the compressor. A limited amount of previous testing at FSEC has shown only a slight degradation in dehumidification performance when the fan and cooling coil cycle on and off together (Khattar et al. 1987) .
Test 28
Test 28 is the same as Test 27, except with a 20% duty cycle rate (versus 50% duty cycle rate for Test 27). Again, this test will help quantify the modest degradation in dehumidification performance when the fan and cooling coil cycle on and off together (i.e., AUTO fan).
Remaining DX Test Coils
Based on the test results for DX coil #1, we will formulate the test matrix for the remaining DX coils to be tested in the laboratory. We anticipate that fewer tests will be performed on each of the remaining DX coils compared to the first DX test coil.
During the literature review portion of this project, one reference (Korte and Jacobi 1997) indicated that the amount of moisture retained on a cooling coil changes after several wet-dry cycles as factory-applied oil coatings wear off. Given this short-term transient behavior, we will operate the new DX test coils through 20 wet-dry cycles prior to the start of coil testing and data collection.
Chilled Water Coils
One or two chilled water coils will be tested in the lab as part of this project. Only one of the two laboratory psychrometric chambers will be required for testing these coils. Once the DX coil testing is completed, some laboratory modifications will be required to provide appropriate chilled water for chilled water coil testing. An existing air-cooled chiller is used to hold temperature conditions in the outdoor air psychrometric chamber containing the condensing unit for the DX coil testing. The chilled water piping system will be extended to serve the chilled water test coils, along with appropriate chilled water control valves.
Based on discussions with a local mechanical engineer, 4-row and 6-row chilled water coils are commonly used, with 4-row being the most common. Therefore, the first test coil will be 4-row and the second (if the project schedule and funding permit) will be a 6-row chilled water coil. Table 3 contains the list of parameters that will be monitored during each chiller water coil test. A total of 14 individual measurements will be made, with many being the same parameters monitored during the DX coil testing. The dry-bulb and dew point temperatures of the air entering and leaving the cooling coil will be measured, as well as air volume flow rate across the coil and condensate removal rate. The method for measuring these air temperatures will be identical to the method used to measure them during the DX coil testing. The refrigerant pressures, temperatures and flow rate measured during the DX coil testing are replaced with chilled water temperatures entering and leaving the cooling coil as well as the water flow rate through the coil. As before, we plan to collect all data points once every 15 seconds, and immediately transfer the data to our mainframe computer for screening, compressing and storage for later retrieval and analysis.
The test matrix for the chilled water test coils will be formulated once the DX coil testing is completed. The DX coil testing will provide good insight into which tests will be important to run. We anticipate that the test matrix will be similar to that for the DX coil testing, with variations in coil inlet air conditions, coil temperature (inlet water temperature and water flow rate) and air flow rate across the cooling coil. Cooling coil tube temperature (3 places) Surface-mounted type-T thermocouples
